Electric fields E are created in type-II superconductors by thermally activated flux creep or flux flow, driven by electric currents through the specimen. Usually, an average value ͗E͘ϭV/L is determined in resistive four-terminal-transport measurements by measuring the voltage V between two contacts with distance L as a function of the applied current. However, this average value can deviate by orders of magnitude of the true local value E(x,y), if inhomogeneities like grain boundaries are present in the specimen. In this article, we show the spatial distribution of E(x,y) of high-temperature superconducting bicrystalline films with a lowangle grain boundary in the flux-creep state. Even in a somewhat ''relaxed state,'' the electric-field value in bicrystalline samples varies by about two orders of magnitude. The most remarkable phenomenon of superconducting materials is the sharp drop of the resistivity of an electric current to an unmeasurable small value at a critical temperature T c . This is inevitably related to the screening of electric fields by the phase coherence of the superconducting condensate. However, it is well known that in type-II superconductors a current-induced movement of the Abrikosov flux lines reintroduces an electric field.
The most remarkable phenomenon of superconducting materials is the sharp drop of the resistivity of an electric current to an unmeasurable small value at a critical temperature T c . This is inevitably related to the screening of electric fields by the phase coherence of the superconducting condensate. However, it is well known that in type-II superconductors a current-induced movement of the Abrikosov flux lines reintroduces an electric field.
1,2 Consequently, the preservation of true superconducting currents requires pinning of flux lines at material's defects. In high-temperature superconductors ͑HTS͒ the interplay of intrinsic anisotropy and large thermal fluctuations results in different regimes of flux movement, such as thermally activated flux creep ͑TAFC͒, thermally assisted flux flow, and flux flow ͑FF͒. 3 The question of their relation to different ͑dynamic͒ vortex phases is thereby a topic of actual research.
In this article we concentrate on the question of the electric field and the related vortex-velocity field distribution of an inhomogeneous HTS, in particular, a sample containing a low-angle grain boundary ͑LAGB͒, where the currentcarrying capability is reduced locally. 4, 5 Usually, the electric field E is measured as a function of an applied current in four-terminal arrangements as a voltage signal V, which is created between two contacts. The critical current density of the sample is defined as jϭ j c (V c )ϭ j c (E c ), corresponding to a voltage V c or electric-field criteria E c , which is a subject of convention. Typically, a V c of 1 V is used, which corresponds to a E c ϭV c /L of 10 Ϫ4 Ϫ10 Ϫ3 V/m, depending on the distance L of the voltage contacts. However, the determination of E by this method does strongly depend on the assumption of a homogeneous flux movement. It was already shown in the theoretical work of Brandt 6 that even in samples with homogeneous critical current density, a spatial distribution of the electric field E(x,y) occurs, which strongly depends on the sample's geometry. Now we consider bicrystalline HTS, where a current-depressing LAGB is present between the voltage contacts. If the current through the samples is increased successively, the vortex lines first will start to move at the LAGB. Depending on the correlation length R of collective vortex motion, the related electric field may be strongly concentrated in an area around the LAGB and the determination of Eϭ͗E͘ϭV/L in transport measurements becomes invalid. 7 An extreme limit is given when only one vortex column in the LAGB is moving, hence RϷӶL, where is the magnetic size of a vortex. In this case a V c of 1 V corresponds to extreme large E c values up to 10 2 V/m ͓for ϭ ab ͑4.2 K͒Ϸ130 nm in YBa 2 Cu 3 O 7 ͑YBCO͒ ͑Ref. 8͔͒ and within the measurement resolution of nanovoltmeters, a LAGB would always be measured in the flux-flow state.
In contrast to resistive transport measurements, magnetization measurements of bicrystalline HTS more easily allow one to obtain transport properties of grain boundaries ͑GB's͒ in a TAFC state down to very small E levels. In this article we show the electric-field distribution of a bicrystalline HTS at the GB down to ͉E͉ϭ10 Ϫ12 V/m in a magnetization experiment. It is shown that E(x,y) varies spatially by orders of magnitude both along the GB and also between the GB and the grain. The electric-field imaging is done by measuring the time development of the magnetic-flux-density distribution by a magneto-optical ͑MO͒ technique after applying an external field to the sample. According to Maxwell's equation, Ḃ ϭϪ"ϫE, the variation of B as a function of time corresponds to an electric-field distribution. By MO imaging, the time dependence of the normal component B z of the flux density above the superconductor surface can be determined easily. 9, 10 This allows, in principle, to determine the in-plane components of E via Ḃ z ϭ‫ץ‬ x E y Ϫ‫ץ‬ y E x ‫ץ(‬ i denotes ‫.)‪i‬ץ/ץ‬ However, the utilization of this equation, where two unknown quantities E x and E y have to be determined from one measured quantity Ḃ z , requires additional assumptions. A straightforward strategy would be to introduce a flux-flow or flux-creep resistivity (x,y,j,t) and replace the electric-field components E x and E y via Eϭj by one scalar quantity . However, an isotropic approximation of the i j tensor cannot be justified at GB's, where possibly a vortex guidance can lead to an anisotropic resistivity. The experimental results in this article are obtained by means of a method which enables a very simple determination of the E x (x,y) and E y (x,y) distributions of thin films. Taking the curl of Ḃ ϭϪ"ϫE and using Ampères law, 0 j ϭ"ϫB , one obtains 0 ‫ץ‬ t jϭϪ"͑"•E͒ϩ⌬E.
͑1͒
In thin films with thickness dϽ, the j z and E z components can be completely neglected and thus
where Ḃ z ϭ‫ץ‬ x E y Ϫ‫ץ‬ y E x is utilized. For superconducting films with width Wӷd, the curvature of B dominates the current density. 11 Here, the derivatives of the the normal component of the flux density, ‫ץ‬ i B z , (iϭx,y), are W/d times smaller ͓W/dϭ(0.5ϫ10 4 )Ϫ10 4 in our experiments͔ than j x and j y , respectively. This consequently applies also for their time derivatives. Therefore, ‫ץ‬ i Ḃ z will be neglected in Eq. ͑2͒. This was also checked numerically by using the experimental values of ‫ץ‬ i Ḃ z . Furthermore, the z dependence of the current densities can be assumed to be very small in the thin-film limit. In the approximation of a z-independent current density ͑which is indeed a good approximation in the thin-film limit 12 ͒ dϽ, Eq. ͑2͒ simplifies to
These equations reflect that the time development of j(t) ϭ j x (x,y,t)e x ϩ j y (x,y,t)e y is connected locally to electricfield components E x (x,y,t) and E y (x,y,t). The absolute value of E is given by
. Now, only the inplane components of the current density j x (x,y) and j y (x,y) have to be determined experimentally as a function of time. They are calculated from the measured B z ͑for calibration, see Ref. 13͒ by two-dimensional numerical inversion of the Biot-Savart law.
14 For dϽ this can be done unambiguously without any additional approximation.
Before representing our experimental results, we first consider a simple model of the flux movement around a GB. Because the vortices are driven by the Lorentz-force density f L ϭjϫB, all vortices have to move perpendicular to the current stream lines. The pattern of the current stream lines of a bicrystalline film can be constructed very easily ͓see Fig.  1͑a͔͒ if the current density is approximated by two constant values, jϭ j c outside the GB and jϭ j c,gb at the GB. 15 The resulting current pattern exhibits three areas, where the current stream lines are bent. Outside the GB, two discontinuity lines develop. These so-called d ϩ lines are characterized by ͉j͉ϭconst and a sharp change of ĵϭj/͉j͉. If the GB plane is oriented perpendicular to the sample's edge, the bending angle ͓see Fig. 1͑a͔͒ is given by ␣ϭ0.5arccos( j c,gb / j c ). An additional bending of the current stream lines occurs at the position of the GB. Here as well ͉j͉ as ĵ are changing discontinuously. This line can be considered to consist of two parallel d Ϫ lines in the limit of vanishing distance. As shown by Gurevich and Friesen, 16 the discontinuous d lines of the Bean model develop to current domain boundaries with finite width if the strict condition jϭ j c ϭconst outside the GB is removed. This corresponds to the real situation of a superconductor with nonlinear E( j) characteristics. This leads only to quantitative changes of the current pattern described in Fig. 1͑a͒ and does not affect the following considerations of the constraints determining the vortex-velocity field v(x,y) around the GB.
͑a͒ If the vortices are driven by f L , the conditions vЌj and vЌB lead to a vortex motion perpendicular to the current stream lines and parallel to the film plane. The f z components of the Lorentz force can change the curvature of the flux lines but does not cause a real flux movement in the film, hence v(x,y)ϭv x (x,y)e x ϩv y (x,y)e y .
͑b͒ The vortices cannot move across the d ϩ lines. 17 At these lines, the flux fronts penetrating from different sides of the samples ͑or from the GB͒ meet and the vortex movement is stopped by the repulsive vortex-vortex interaction.
Both conditions together have deep impact on v(x,y) and consequently EϭBϫv because all flux lines that penetrate into the area between both d ϩ lines around the GB can enter the specimen only at the intersection points of the GB with the two samples', edges ͑GBE͒. Consider now the following magnetization experiment ͓see Fig. 1͑b͔͒ : After zero-field cooling ͑ZFC͒, an external magnetic field is applied suddenly to the sample in the normal direction and then held at a constant value H ex . First, magnetic-flux lines enter the bicrystalline sample in a flux-flow state. At the GBE position, v(x,y) gets extremely large, creating an exponential peak of E at this position, which decreases towards the sample's center. increases with H ex in a partly penetrated state and saturates to a value of A d ϩ for a fully penetrated state. After H ex is held at a constant value, v(t) decreases due to the time decay of the induced current density and the related decrease of the driving force density f L . The transformation from the fluxflow state to a flux-creep state is controlled by a time-decay constant
which depends on the lateral size of the sample W and the local electric field E(x,y). According to Eq. ͑4͒ the time decay is much faster at positions with initially high E(x,y). Consequently, in the flux-creep state, E(x,y) at the GB becomes smaller than E(x,y) in the grains. In the following, the experimental results for the E(x,y) distribution on two YBCO thin-film bicrystals with a LAGB will be considered. Both YBCO films are prepared by pulsed-laser deposition on bicrystalline SrTiO 3 substrates. Sample A, with a symmetric 3°͓001͔ tilt boundary, is a 150-nm-thick square-shaped YBCO film with a size of 1.0 ϫ1.0 mm 2 . The GB is oriented parallel to one of its edges. Sample B, with a symmetric 4°͓001͔ tilt boundary, has a rectangular shape with a size of 5ϫ10 mm 2 and a film thickness of 400 nm. The GB is placed in the middle of the long sample's edge and oriented perpendicular to this edge. The length W of the GB is therefore 5 mm. Figures 2 and 3 show the magnetic-flux distribution of both samples after ZFC to 4.2 K and applying external magnetic fields of 50 mT ͑A͒ and 65.6 mT (B), respectively. The external field was applied with a ramp rate of 40 mT/sec and the MO contrast was recorded Ϸ500 msec after H ex was held at a constant value. In the following, we refer to this time as t 0 . The superimposed current stream lines are obtained as the equipotential lines of a function g(x,y), which is obtained by inversion of the Biot-Savart law and where j(x,y)ϭ "ϫẑg(x,y). The spatial resolution of the measurement is 3 m for sample A and 5 m for sample B.
In sample B, which is shown in a partly penetrated state, the flux and current pattern is additionally complicated by the presence of some weak links on the right side of the sample. They are created probably by some surface defects on the substrate. These additional defects change the arrangement of d lines on the upper part of Fig. 3 Figures 4͑a͒ and 4͑b͒ visualize the E x and E y components of the electric-field distribution of sample A under identical conditions as described above at a time of t 1 ϭtϪt 0 ϭ10 sec. One observes an inhomogeneous electric-field distribution. We concentrate first on the electric-field distribution outside the GB: If one neglects the variations of E on short length scales, E x (y) shows a monotonous increase from the flux front towards the sample's edges ͓E x (y) profile of Fig. 4͑a͔͒ . When disregarding the GB, a similar behavior can be seen in the E y (x) profile in Fig. 4͑b͒ . This behavior was already theoretically calculated by Brandt 6 for square and rectangular films and reflects the increase of EϭBv due to the increasing magnetic-flux density from the flux front to the sample's edges. The maxima of E x and E y at the sample's edge have a value of up to 10 Ϫ11 V/m. An additional peak of the electric field is visible at the position of the flux front. Since the penetration depth of the flux front increases during relaxation, the Meissner current in the originally fluxfree area transforms into a critical current. This increase of the local Meissner current j(x,y) in the flux-free area ͓in contrast to the decrease of j c (x,y) during relaxation in the flux-filled areas͔ is related to a negative electric field, in contrast to the positive E(x,y) ͑defined by E x ʈ j x and E y ʈ j y ) in the flux-filled regions. The negative electric field with respect to the current direction is due to an increase of the current density and reaches values up to 1.5ϫ10 Ϫ11 V/m. Figure 6 shows the absolute value Eϭ(E x 2 ϩE y 2 ) 1/2 of the electric-field distribution of sample A in the same state as in Fig. 4 . In this representation, the sign change of E cannot be visualized directly, however, the minimum of E at the GB can be seen more clearly in this gray-scale representation. At the GB, the initial relaxation is much faster than in the grains. At the time t 1 ϭ10 sec, this results in a minimum of EϷ(1Ϫ3)ϫ10 Ϫ12 V/m at the GB. The correlation length R at this state can be estimated from the width of the minimum to values of Ϸ10Ϫ15 m. This is still larger than the measurement resolution of 3 m for this sample. Remarkably, significant spatial variations in E are also present in the current domains outside the GB, which indicate that slight inhomogeneities in the sample on this length scale have a significant effect on the local dissipation.
Due to the limited time resolution of our measurement system at present, the initial stage of the E(x,y) distribution suggested in Fig. 1͑b͒ ͑left side͒ could not be imaged for this sample. From a time-decay constant 0 of less than t 1 ϭ10 sec, a lower limit of the initial peak field at the GBE of E p Ͼ10 Ϫ3 V/m can be estimated from Eq. ͑4͒. This is much higher than the electric field outside the GB during the ramp of the external field with a maximum value of EϷḂ ex W/2 Ϸ2ϫ10 Ϫ5 V/m ͑the ramp rate in our experiment is Ḃ ex ϭ40 mT/sec).
In the following, a direct measurement of the maximum Gray-scale images of the absolute value E(x,y) of the electric-field distribution of sample B at t ϭ7.5 sec ͑top͒ and t ϭ150 sec ͑bottom͒ after application of an external field of 0 H ex ϭ65.6 mT with a ramp rate of 40 mT/sec. In the horizontal electric-field profiles, the position of the grain boundary ͑GB͒, the flux front (F), and of a macroscopic defect ͑D͒ are indicated with arrows. of the electric field, which is sketched on the left side of Fig.  1͑b͒ , is presented. From Eq. ͑4͒ it follows that 0 increases with W ͑note that E increases linearly with W and consequently ϰW). The measurement of a maximum of E(x,y) was possible at the larger sample B, which contains a symmetric 4°͓001͔ tilt boundary with a length of Wϭ5 mm. Figures 5͑a͒ and 5͑b͒ show the absolute value of the electricfield distribution at two different times t 1 ϭ7.5 sec ͑a͒ and t 2 ϭ150 sec ͑b͒ at 0 H ex ϭ65.6 mT and Tϭ4.2 K (Ḃ ex ϭ40 mT/sec). Outside the GB one observes basically the same electric-field distribution as in sample A with a peak up to Eϭ6ϫ10 Ϫ10 V/m at the flux front and a maximum of typically Eϭ(3Ϫ4)ϫ10 Ϫ10 V/m at the sample's edges ͓see the E(y) profile in Fig. 5͑a͔͒ . According to Eq. ͑4͒ we expect an increase of E by a factor of 5 due to the larger sample size and an additional increase due to the reduced measurement time t 1 
. The experimental results of EϷ10
Ϫ11 at sample A's edge ͑Fig. 6͒ and EϷ4ϫ10 Ϫ10 at sample B ͓Fig. 5͑a͔͒ yield an enhancement factor of 14. Within the approximate framework of Eq. ͑4͒, this fits quite well to our estimate. In Fig. 5 the electric field shows a complex pattern due to a number of linear defects and the GB. Along the GB, E(x,y) displays an inhomogeneous distribution ͑see also Fig. 7͒ . At t 1 ϭ7.5 sec, the electric-field distribution is asymmetric and has a local maximum E p Ϸ3ϫ10 Ϫ10 V/m at that GB area located in the bottom part of Fig. 5͑a͒ . The spatial extension of E p across the GB is RϷ30Ϫ60 m ͑with a measurement resolution of 5 m for sample B). Together with the result of Rϭ10Ϫ15 m at sample A, this indicates that the correlation length R of collective vortex motion is much larger than a single vortex row in the GB, but also much smaller than the sample width W in this state.
In contrast to the GB area in the bottom part of Fig. 5͑a͒ , no maximum of E(x,y) is visible at the GB area in the top part of Fig. 5͑a͒ . Here, the flux and current distribution is modified by the presence of the additional weak links and relaxation is already in a more progressed state leading to a FIG. 6 . Gray-scale image of the absolute value E(x,y) of the electric-field distribution of sample A at t 1 ϭ10 sec after application of an external field of 0 H ex ϭ50 mT. local minimum of EϷ2ϫ10 Ϫ11 V/m at the GB. The modification of the electric-field distribution at GB's by the presence of additional defects is a very important observation for the understanding of the dissipation effects in networks of LAGB, such as, e.g., in coated conductors ͑for flux and current distributions in these networks of LAGB's see, e.g., Refs. 19,21͒. The faster decay in the sample part with additional weak links can be understood by a reduction of the effective area A f l , where magnetic flux can enter into the sample only via the GB. This is due to the reduction of the penetration depths of the flux fronts penetrating oppositely from the GB and the weak links, respectively ͑see Fig. 3͒ . Interestingly, in that area of the GB, R is reduced to a half of the value compared to the GB part in the undisturbed bottom area of Fig. 5͑a͒ . The tendency that R gets larger with increasing E in the GB is consistent with results of Hogg et al., 22 which indicate that the number of vortex rows that are channeling along the boundary grows with increasing E. However, there are differences in the sample size and electric-field level of the measurements and more research is necessary in this topic. At t 2 ϭ150 sec, the spatial variation of E(x,y) along the GB becomes very small and we observe a typical value of EϷ10 Ϫ12 V/m at the GB. This value corresponds to the actual measurement resolution of the method used.
Conclusively, we have imaged the electric-field distribu- tion in bicrystalline YBCO thin films with LAGB's for a magnetization experiment in the flux-creep state. In the sample B (Wϭ5 mm), the electric field varies up to two orders of magnitude between the GB and the grain. Also along the GB, a variation of E of up to one order of magnitude was found. The length scale R of the electric-field variation across the GB is typically 30-60 m in sample B and Ϸ10Ϫ15 m in sample A in a time window of several seconds. This length is much larger than a single moving vortex row but still the correlation length of vortex movement is strongly localized in an area around the GB, which is much smaller than the sample size. This work was supported by the TMR program SUPERCURRENT of the EU under Contract No. ERBFMRXC98-0189. We are grateful to H. Kronmüller and H. C. Freyhardt for their support.
